Changbai Mountain in China has been explored as a potential area for its rich hot springs including the Jinjiang and Julong hot spring groups. The hydrogeochemical characteristics and conceptual genesis models of the Jinjiang and Julong hot springs were evaluated by hydrogeochemical analysis, isotope analysis, rock sample analysis, hydrogeochemistry simulation, and geophysical exploration method. The results showed that HCO 3 − and Na + were the most abundant anion and cation in the hot springs, and the hydrochemical type was Na-HCO 3 . And the hot springs are enriched with trace components such as H 2 SiO 3 and Sr. The major gas composition of the Jinjiang hot springs and Julong hot springs were CO 2 , N 2 , and CH 4 , which were derived from the mantle. The chemical compositions were produced by feldspar and pyroxene mineral hydrolysis. The recharge source of the hot springs was atmospheric precipitation and was also influenced by evaporation, and the genetic models for the Jinjiang hot springs and Julong hot springs were as follows: the heat source of both was a magma body and heat was mainly migrated in the form of thermal conduction. The cap rocks were both composed of trachyte of Baitoushan formation, basalt of Junjianshan formation, and rhyolitic pyroclastic rocks of Changbai formation. The geothermal reservoir of both hot springs was a fracture zone with the lithology of volcanic breccia, sand, and gravel and volcanic breccia and marble, respectively.
Introduction
Geothermal resources are being researched and developed as renewable and clean energy all over the world because of its rich reservoir, renewable resources, reliability, and environmental acceptability [1] . Hydrogeochemical composition is an important indicator for the quality evaluation of geothermal resources that reflects the formation evolution process, interaction between geothermal fluid and rock, and geothermal fluid circulation condition [2] . The hydrogeochemical compositions also have the vital role for corrosion and scaling, geothermal reservoir temperature evaluation, and geothermal fluid uses. In recent decades, many countries have conducted much research in geothermal water resource exploitation.
Changbai Mountain is located in the east of the Songliao Basin, China, and is a tectonically and volcanically active area. Due to the previous volcanic activities, the region is rich in geothermal springs, which are discharged at different altitudes. The monitoring of geothermal fluid of Changbai Mountain began in 1985, and the main monitoring compositions include CO 2 , N 2 , He, H 2 , O 2 , and CH 4 which were associated with volcanic activities [3] . Tianchi volcano is one of the famous active volcanoes in China. Its eruptive history included early shield-forming, middle cone construction, and late ignimbrite-forming eruptions in three stages [4] . /d. Nowadays, the local government has enhanced the development of the geothermal springs, and some geothermal water diversion projects were established. But the hydrogeochemical characteristics, recharge sources, and genesis model of the Julong springs and Jinjiang springs are not clear. Therefore, in order to develop, use, and protect the geothermal springs, studying the hydrogeochemical characteristics, recharge sources, and genesis model of geothermal springs is urgently needed. In this study, the Julong springs and Jinjiang springs were comprehensively analyzed via sampling and monitoring of geothermal spring water for hydrogeochemical characteristics and genesis model, isotope analysis, and geophysical exploration. The results of the research would promote the development and utilization of geothermal resources and enrich the genesis mechanism of the geothermal system.
Study Area and Volcano Geology
Julong springs and Jinjiang springs are located in the Changbai Mountain basalt area in the east of Jilin Province. Geographical coordinates are located in the north latitude of 41°23 ′ -42°35 ′ and east longitude of 127°15 ′ -129°00 ′ . The area has a temperate continental monsoon climate with an annual average temperature of 3.5°C. According to Changbai Mountain weather stations, the annual average precipitation is 1332.6 mm, much of which occurs during the period from June to September.
The geological groups in the Julong spring and Jinjiang spring areas mainly include Proterozoic Laoling formation (Pt 1 z), Triassic Changbai formation (T 3 c), Cenozoic Pleistocene Junjianshan formation (Q 1 pj), Baitoushan formation (Q 2 b), and Cenozoic Holocene Bingchang formation (Q 4 bc). The lithology of the Laoling formation (Pt 1 z) is dolomitic marble, with an average thickness of 467 m, the lithology of the Changbai formation (T 3 c) is rhyolite and rhyolitic pyroclastic rocks and the average thickness is 1300 m, the lithology of the Junjianshan formation (Q 1 pj) is basalt and olivine basalt and the average thickness is 189 m, the lithology of the Baitoushan formation (Q 2 b) is trachyte and tuffaceous trachyte and the average thickness is about 130 m, and the lithology of the Bingchang formation (Q 4 bc) is alkaline pumice and the average thickness is about 51.5 m (Figure 1) .
The bedrock geology is composed of ancient metamorphic rocks, formed in the Archean-Proterozoic, and massive granite formed in the Mesozoic. The terrigeneous sediments were deposited in the Mesozoic, which was interrupted by intermediate to acid magmatic activities. In the Cenozoic, basalt magma was discharged from the upper mantle via the huge fault which led to the volcanic eruption and created a broad basalt platform. The Tianchi volcano region was the center of those volcanic activities. The bedrocks of the Julong hot springs are dolomitic marble of Laoling formation (Pt 1 z) and rhyolite of Changbai formation (T 3 c). The bedrocks of the Jinjiang hot springs are andesite of Changbai formation (T 3 c) (Figure 2 ).
Methods
3.1. Hot Spring Sample and Analysis. The Julong hot springs and Jinjiang hot springs were sampled in October of 2015 and analyzed for pH, temperature, electrical conductivity (EC), inorganic chemical composition, metal elements, trace elements, and gas composition. The pH and EC were measured in situ by using a low-range pH/EC tester (Hanna Combo Model HI98129, Beijing Hengtai Ruibo Technology Development Co. Ltd., Beijing, China) [15] . Temperature was measured in situ by thermometer. Bicarbonate concentration was determined by using titration against hydrochloric acid. Sulphate and nitrate concentrations were determined by using a spectrophotometer (V-1300, Macy China Instruments Inc., Beijing, China). Silicate was determined by using potassium fluorosilicate. Chloride ion was estimated by titration against a standard solution of AgNO 3 . Sodium, potassium, calcium, and 4 Geofluids magnesium were determined by flame atomic absorption spectrophotometer (AA-6300, Shimadzu International Trading Ltd., Shimane, Japan). Other metallic and trace elements were also determined by flame atomic absorption spectrophotometer (AA-6300, Shimadzu International Trading Ltd., Shimane, Japan). The analytical precision for ion measurements was determined by calculating the ionic balance error, which is generally within ±5%. AquaChem software was used to determine the hydrogeochemical characteristics of spring waters [16] . Gas samples were collected by prevacuum collector method, and the gas samples were collected in the vacuumpacked bag. CO 2 , He, H 2 , O 2 , and N 2 were determined by using a gas chromatograph (SP-3420A, Beijing BeifenRuili Analytical Instrument Co. Ltd., China). The ratio value of 3 He/ 4 He was determined by mass spectrometer (Noblesse SFT).
Isotope Analysis. Stable isotope δD-δ
18 O, C isotopes, and noble gas isotopes (Ne, He) of the Julong hot springs and Jinjiang hot springs were detected to determine the sources of geothermal fluids. Two rain and snow water samples collected in the study area were also tested for stable isotope δD-δ 18 O. δD-δ 18 O were determined by IRM-GC/MS (Agilent 5973, Shimadzu International Trading Ltd., Shimane, Japan); C isotopes were determined by stable isotope mass spectrometer (DELTA plus XP); noble gas isotopes were determined by noble gas isotope mass spectrometer (Noblesse SFT).
Rock Sample and Analysis.
In order to determine the microstructure, element types, and mineral compositions of the rocks of the Julong hot springs and Jinjiang hot springs, four rock samples were precisely determined by scanning electron microscope (JSM-6700F on Windows NT) and X-ray diffraction (XRD, YST-I). For the SEM and EDS analyses, the rock samples are prepared into thin sections, 0.2 × 0.2 × 0.03 mm 3 , and for the XRD analysis, the rock samples are prepared into powder.
3.4. Hydrogeochemistry Simulation. Albite, potassium feldspar, pyroxene, silica, calcite, calcium montmorillonite, kaolinite, fluorite, illite, and gypsum possible mineral phases were selected to analyze the source of hot spring chemical compositions. The geochemical modelling programme PHREEQC [17] was used to calculate the possibility of mineral reaction in the Julong and Jinjiang hot spring water. The Changbaishan Tianchi 5 Geofluids rain water samples were selected as the starting point of the reaction path. The Julong and Jinjiang hot spring water samples were selected as the ending point of the reaction path. The pyroxene hydrolysis equation was added in the PHREEQC database. And the uncertainty of the hydrogeochemistry simulation model is 0.05. The concentration of chemistry compositions on the hydrogeochemistry simulation is as shown in Table 1 .
3.5. Geophysical Exploration. Geophysical exploration together with the geological and geochemical investigation could successfully establish the existence of geothermal anomaly and the presence of shallow reservoir features. Geophysical methods are very useful, if not essential, in deciphering the geological structures, such as the highdensity resistivity (HDRT) method and magnetotelluric (MT) method.
Electrical prospecting is very important in engineering prospecting and an effective method; the direct current method of the high-density resistivity imaging method is a common method of electrical prospecting [18] . The highdensity resistivity method is a kind of array exploration method [19] . The resistivity distribution from electromagnetic surveys is interpreted in terms of water saturation of rocks, hydrothermal alteration, and presence of hydrated minerals. They are covered by basalt and trachyte on the surface around the Jinjiang hot springs. In order to get more geology information, the high-density resistivity method is used to dissect Jinjiang hot springs. Six prospecting lines were arranged with a length of each line of 590 m. The measuring instrument is the DUK-2 high-density electrical apparatus, and each prospecting line has 60 electrodes with an electrode spacing of 10 m. The arrangement diagram of the prospecting lines are shown in Figure 3 .
As a deep geophysical technique, the magnetotelluric (MT) method is being widely used for the assessment of geothermal fields in many regions and is also the most appropriate electromagnetic technique to electrically image the subsurface structures [20] . In geothermal regions, it can provide useful information about the lateral and vertical variation of the resistivity of the subsurface. Qiu et al. [21] also analyzed the volcano magma chamber of the Changbaishan Tianchi volcano. In order to obtain more information on the stratum structure and magma chamber characteristics of Changbaishan Tianchi around the Jinjiang hot springs and Julong hot springs, a 103 km long magnetotelluric sounding prospecting line was arranged in Changbaishan with the direction of NE10°. The point of magnetotelluric sounding prospecting was 41 whose dot pitch was 2.5 km (Figures 3 and 4) .
In short, we present a multidisciplinary method including hydrogeochemistry, gas geochemistry, whole-rock geochemistry, stable isotope geochemistry, noble gas geochemistry, and geophysical exploration for understanding the hydrogeochemical characteristics and genesis of hydrothermal systems near the active Tianchi volcano (Changbaishan). The flow chart of the study is shown in Figure 5 . Table 2 .
Results and Discussion
The distribution of ions of thermal spring samples are plotted on a Piper diagram ( Figure 6 ). It was clearly seen that thermal spring samples were enriched in Na and HCO 3 and were depleted in Cl. The thermal springs were all Na-HCO 3 water type.
The main gas compositions of the Jinjiang hot springs and Julong hot springs are CO 2 , N 2 , and CH 4 (Tables 3  and 4 ). The percentage of CO 2 of the Jinjiang hot springs and Julong hot springs is 92.25%-93.82% (average value 92.96%) and 93.47%-93.54% (average value 93.47%), respectively, which are both higher than 90%. The average percentage of N 2 of the Jinjiang and Julong hot springs is 5.16% and 5.00%, respectively, and the average percentage of CH 4 of the Jinjiang and Julong hot springs is 1.57% and 0.29%, respectively. Gases associated with mantle magmatic activity include CO 2 , He, CH 4 , and H 2 , especially CH 4 and He [22] . The average percentages of CO 2 , He, CH 4 , and H 2 in the Jinjiang hot springs and Julong hot springs were, respectively, 94.613% and 93.818%, and the average percentages of He and CH 4 in these two hot springs were 1.575% and 0.291%, respectively, which indicated that the released quantity of gases related to magmatic activity of the Jinjiang hot springs is a little higher than that of the Julong hot springs. There is a rule that CO 2 release quantity from thermal springs is higher in volcanic activity and fault areas, and CO 2 as an important geochemical indicator predicts the activity degree of magmatic and earthquake activity [23] . So the gas origins of the Jinjiang and Julong hot springs are related to magmatic activity. The average percentage of He of the Jinjiang and Julong hot springs is both 0.0015%. The concentrations of He of the Jinjiang and Julong hot springs are relatively stable expect for 2003 which was a seismic activity period [24] . A lot of abiogenic CH 4 is also released in the magmatic lava area [25] . The concentration of CH 4 of the Julong hot springs is relatively stable, but those of Jinjiang hot springs are slowly rising in the past years [26] . O-δD of the Jinjiang and Julong hot springs show the recharge sources from atmospheric precipitation, which are also influenced by evaporation. There was an 18 O drift phenomenon of the hot spring samples, but the amount of drift is only about 1‰. The 18 O drift phenomenon has correlation to oxygen isotope exchange between deep geothermal water and silicate [27] . Because 18 O in silicate is richer than in geothermal water, the 18 O exchange between geothermal water and silicate can make the 18 O rise in geothermal water, especially in high-temperature geothermal water. 8 Geofluids
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The amount of 18 O drift is small in the study area which confirms that the springs in the study area belongs to low temperature geothermal water. ), which indicated that the gas sources of the Jinjiang hot springs and Julong hot springs were from the upper mantle. The surface structure and mineral compositions of the rock samples were analyzed by scanning electron microscope (SEM), energy dispersive spectrum (EDS), and diffraction of X-ray (XRD) methods. Figure 8 shows that the dominant minerals of rock samples were plagioclase with the dominant elements of Na, Al, Si, and O. There are some pyroxene and potassium feldspar, whose dominant elements are, respectively, Ca, Mg, Al, Si, and O and K, Al, Si, and O. Figure 9 shows main minerals through the X-ray diffraction method. The dominant minerals of rock samples D1, D2, D3, and D4 are plagioclase, quartz, chlorite, and pyroxene; plagioclase, quartz, feldspar, pyroxene, chlorite, calcite, and dolomite; plagioclase, feldspar, and pyroxene; and plagioclase, pyroxene, and feldspar, respectively. There are some differences about the results of mineral compositions of rock samples by scanning electron microscope (SEM), energy dispersive spectrum (EDS), and diffraction of X-ray (XRD) methods. The reason is that scanning electron microscope (SEM) and energy dispersive spectrum (EDS) determine the mineral compositions through one point of the rock samples, while X-ray diffraction determines the mineral compositions through whole rock powder samples. Through mineral composition analysis, the main mineral compositions are plagioclase, quartz, and pyroxene, as well as chlorite, calcite, fluorite, gypsum, and dolomite.
Gas Sources of Hot
(2) Hydrogeochemical Composition Sources. Table 6 shows the results of hydrogeochemical simulation. The chemical compositions of the Jinjiang and Julong hot springs are mainly controlled by mineral hydrolysis of albite, potassium feldspar, calcium feldspar, and pyroxene. In the reaction path I (rain to the Jinjiang hot springs), the dissolving 10 Geofluids minerals are albite, potassium feldspar, calcium feldspar, pyroxene, dolomite, and gypsum. The maximum hydrolysis minerals are calcium feldspar and pyroxene with the hydrolysis amounts as 1.24E + 02 and 6.74E + 01, respectively. In the reaction path II (rain to the Julong hot springs), the dissolving minerals are albite, potassium feldspar, calcium feldspar, pyroxene, and dolomite. The maximum hydrolysis minerals are also calcium feldspar and pyroxene with the hydrolysis amounts as 4.41E + 02 and 5.52E + 01, respectively. The hot spring hydrogeochemical compositions are mainly composed of feldspar and pyroxene mineral hydrolysis.
Stratum Structure and Volcanic Magma
Chamber. The data of the high-density resistivity method is inversed by Swedish RES2DINV processing software ( Figure 10 ). The apparent resistivity values are ranged from 10 Ω.m to 10,000 Ω.m. In the six prospecting lines, high-resistance media are mainly distributed in the surface between 40 and 50 m, which includes Cenozoic basalt and trachyte. There is a wide range of the low-resistance zone below the surface of 50 m in the six prospecting lines, which includes volcanic breccia, sand, and gravel. There is a clear boundary line between the low-resistance zone and the high-resistance zone, which infers a fracture. The low-resistance zone is The results of the magnetotelluric (MT) method are 2D inversed by NLCG 2D inversion technique ( Figure 11 ). There is an obvious vertical volcano magma channel at the bottom of the Changbai Mountain Tianchi crater, and the magma channel is closed at the depth of about 5-8 km. At the bottom of the crater, near the north direction about 7 km deep, there exists an obvious low-resistance body where the resistivity is less than 10 Ω.m and is connected to the magma channel. It is inferred that it may be a developing magma chamber in a shallow surface. The abnormal region is between stations EC07 and EC09 near the entrance gate of Changbai Mountain, and between EC04 and EC05 stations, there are two obvious nearly vertical low-resistivity zones existing at the depth of about 7-17 km, and connecting with the lowresistance body directly below, it is inferred that the lowresistivity zone contains the magma. As the depth increases, the crust low-resistivity anomaly bodies are widely developed at the depth of 13 km to 30 km north to the position of 20 km south from the Tianchi volcano, which may be the active magma chamber. So there is a magma chamber below the Tianchi volcano.
Hot Spring Genesis Conceptual
Model. The genetic model for the Jinjiang hot springs is as follows: the heat source is a magma body below the north of the Changbai Mountain Tianchi crater with a distance of 7-17 km [30, 31] . And the heat is migrated in the form of thermal conduction manner. The cap rocks are composed of trachyte of Baitoushan formation, basalt of Junjianshan formation, andesite of Changbai formation. The geothermal reservoir is a fracture zone with the lithology of volcanic breccia, sand, and gravel. Hot spring water is mainly supplied by precipitation and is also influenced by evaporation. The Jinjiang hot springs are exposed on the surface along the fault zone by deep circulation with a distance of 4.00-4.56 km. In deep circulation, the hydrolysis of feldspar and pyroxene produces chemical compositions, and the gas compositions are derived from the mantle (Figure 12 ).
The genetic model for the Julong hot springs is as follows: the heat source is also the magma body. And the heat is also migrated in the form of a thermal conduction manner. The cap rocks are composed of trachyte of Baitoushan formation, basalt of Junjianshan formation, and andesite of Changbai formation. The geothermal reservoir is a fracture zone with the lithology of volcanic breccia and marble. Hot spring water is mainly supplied by precipitation and is also influenced by evaporation. The Julong hot springs are exposed on the surface along the fault zone by deep circulation and heated by the magma heat source. In deep circulation, the hydrolysis of feldspar and pyroxene produces chemical compositions, and the gas compositions are derived from the earth's radioactive crust (Figure 13 ).
Conclusions
The temperatures of the Jinjiang hot springs and Julong hot springs were from 36.0 to 58.0°C (average value 48.5°C) and Figure 9 : Diagram of X-ray diffraction of rock samples. "+" represents minerals dissolving, "−" represents mineral precipitation, and "/" represents no reaction. 4 . The recharge sources of hot springs are atmospheric precipitation and are also influenced by evaporation, and the chemical compositions are produced by feldspar and pyroxene mineral hydrolysis. The gas composition sources of the Jinjiang and Julong hot springs are derived from the upper mantle.
The genetic model for the Jinjiang hot springs and Julong hot springs are as follows: the heat source of both is the magma body below the north of the Changbai Mountain Tianchi crater with a distance of 7-17 km. The heat is migrated in the form of a thermal conduction manner. The cap rocks are both composed of trachyte of Baitoushan formation, basalt of Junjianshan formation, and andesite of Changbai formation. The geothermal reservoir is a fracture zone with the lithology of volcanic breccia, sand, and gravel and volcanic breccia and marble, respectively.
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